Introduction
Nowadays, human exposure to external factors, i.e. environment and diet or lifestyle, is one of the major issues in public health. The study of the xenometabolome is useful for evidencing such exposure and particularly to assess the simultaneous exposure to mixtures of several contaminants (e.g., pesticides, drugs or persistent organic pollutants). A rapid approach including efficiency, selectivity and sensitivity is required to perform characterization of the xenometabolome, especially for large scale analysis in cohort studies. Targeted acquisition methods for detection and quantitative analysis of residues have been reported, which allow the simultaneous screening of several families of compounds. 1 Mass spectrometry with on-line liquid chromatography, gas chromatography or capillary electrophoresis (i.e. LC/MS, GC/MS or CE/MS) has been the most often used approach in metabolite studies, but the use of on-line separation techniques greatly limits the throughput of analyses. Direct introduction mass spectrometry (DIMS) enabling mass spectrum acquisition in a few minutes is a valuable high throughput approach. 3 Such direct analyses require appropriated ionization techniques for performing rapid mass spectral acquisition. 4 Most of them are atmospheric pressure sources. Typically, the ambient ionization techniques such as direct analysis in real-time (DART), desorption electrospray (DESI) and extractive electrospray ionization (EESI) can be applied for direct analysis of complex mixtures with limited or no sample preparation. Their applications in many different fields (e.g., forensics, environmental and drug studies) have been reported. 5 Nevertheless, the electrospray ionization (ESI) coupled to chromatography system is the method commonly used in metabolite studies but is increasingly used in the DIMS approach. [6] [7] [8] [9] [10] ESI is sensitive to matrix effects since all compounds present in the matrix, including endogenous components as well as xenobiotics and their metabolites, undergo simultaneously the ionization process.
Hence, ionization competition between different compounds occurs, leading to ion suppression phenomenon. In addition to the sample dilution, which reduces the matrix effects, the use of Fourier transform mass spectrometry (FTMS) instruments, providing high performances as mass resolving power and dynamic range, can reduce the drawbacks of ,2 However, such approaches have some limitations such as the cost of trace analyses and the limitation of the search for new markers, which may reflect exposure to new contaminants or to a combined exposure to several xenobiotics. Therefore, global approaches combining metabolite fingerprinting with appropriate data processing tools seem to be the most suitable for the rapid screening of expected as well as unknown markers of exposure to toxicants.
DIMS approach. The distinction of isobaric ions (i.e. same nominal mass but different elemental compositions) and the simultaneous detection of a large number of species in the same mass spectrum become possible with this instrumentation. However, the inability of DIMS to distinguish isomers hampers metabolite identification even using the most powerful instrument. The resulting mass spectral data remain complex and difficult to be interpreted because of the large number of ions detected simultaneously in a single experiment, potentially with close m/z values.
As well, to analyze such complex mass spectrum, data processing procedures based on mass defect can be efficiently used to facilitate detection and selection of chemically-relevant ions. 11 The term 'mass defect', first introduced by E. Kendrick, refers to the difference between the accurately measured m/z value and its nominal value. 12 The Kendrick method has been used to process high resolution mass spectrometry (HRMS) data. It is considered as a data classification method, facilitating the distinction of homologous compounds having different numbers of same base units. Kendrick plots have been successfully applied in the field of petroleomics, 13, 14 and few examples have also been reported for organic matter 15 and metabolomic analyses. 16 Werner et al. reported the Kendrick plot of 7 000 compounds extracted from the KEGG (Kyoto Encyclopedia of Genes and Genomes) database, resulting in the classification of compounds in homologous series as illustrated for the carboxylic fatty acids series. 16 Alternatively, this method helps in the calculation of the elemental compositions of high m/z ions based on the known elemental compositions of lower m/z ions from the same series of compounds. Yet, due to the large chemical diversity of small molecules constituting the metabolome, the Kendrick approach seems less appropriate for detection of metabolites in metabolomics than for detection of apolar compounds in petroleomics.
Afterwards, Zhang et al. 17 used the mass defect based approach to process complex HRMS data in drug metabolism studies. This approach called "mass defect filter" (MDF) is a data filtering method using a defined mass defect window centered at the mass defect value of the precursor compound ions. [17] [18] [19] [20] This allows to discard most of interfering ions. Such a data mining tool facilitates detection and subsequent annotation of specific exogenous compounds as well as their metabolites present in complex biological matrices. 21 It has been successfully applied for the selective detection of drug metabolites in various biological materials. [17] [18] [19] [20] [21] [22] It has also been employed in the screening of contaminants in waste water, 23, 24 in the field of lipidomics 25 and in natural product studies. 26 A recent study from Geng et al. 27 has demonstrated the usefulness of MDF for the specific detection of traditional Chinese medicine components and their corresponding in vivo metabolites from biological materials.
MDF is a real data filtering approach compared to the classical post-processing methods, which generate extracted or reconstructed chromatograms of predicted ions (EIC) as a visualization approach for detection of only expected ions. 20 Hence, it represents an efficient data mining tool for simplifying large mass spectral datasets. Above all, MDF enables to detect both expected and unexpected metabolite species.
Until now, mass defect filtering has mainly been applied for post-processing complex data generated from liquid or gas chromatography coupled to high resolution mass spectrometry.
Very few applications of MDF to mass spectral data acquired by DIMS technique have been reported. Erve et al. tested the performances of DI-HRMS acquisition and data postprocessing techniques for evaluating ZipTip cleaning procedures applied to biological matrices. 8, 9 In our previous work, the detection and characterization of seven metabolites of
dicarboximide fungicide, were manually performed on mass spectral data obtained by direct analysis (DI-HRMS) of urine of rats treated with this compound. 10 Additionally, an isotope filtering procedure was tested, facilitating the detection of the seven vinclozolin metabolites ions.
In this work, investigations were done on a data filtering strategy developed for DI-HRMS data. First, the exploration of the mass defect profile was done to understand the distribution of different species based on their mass defect values. The search for organic compounds bearing common chemical elements and for metabolites generated from classical metabolic pathways was performed. Then, different data filtering templates (i.e. mass defect and isotope filters) were applied to evaluate their efficiency in selecting urinary metabolites of vinclozolin from raw DI-HRMS data. Three new low abundance metabolites were then detected by this strategy. Subsequent LC/MS and MS/MS (tandem mass spectrometry) experiments were performed to consolidate the putative metabolite annotation.
Materials and Methods

Animal experimentation
Urine of rats treated with vinclozolin was obtained as already described. 28 Three male rats were individually housed in metabolic cages. 
Analytical method
Mass spectrometric analyses were performed in negative ESI mode, using a hybrid ion trap LTQ Orbitrap Fourier transform mass spectrometer (LTQ Orbitrap XL Thermo Fisher Scientific, Bremen, Germany).
DIMS data were obtained from direct analysis of rat urine sample using high resolution mass spectrometry with a mass resolving power (full width at the half maximum height, FWHM) set at 60 000 for m/z 400. Both flow injection analysis (FIA) and LC/MS approach were performed as described in previous work. All CID experiments were carried out under high resolution detection with a mass resolving power of 7 500 (FWHM) for m/z 400.
Data processing
The proprietary .raw data file format was first converted into .cdf format using the file converter tool of Xcalibur 2.0.7 software (Thermo Fisher Scientific, Courtaboeuf, France).
The mass spectral data was further processed using a script written in R 3. Similarly, specific searches for peaks of the potential ion pairs corresponding to nonconjugated and conjugated metabolites were performed. The following mass differences were Alternatively, isotope pattern filter (IPF) templates were applied based on the accurate mass difference of 1.9970 u between 35 Cl and 37 Cl using a ± 0.0003 u window for tracking M and (M+2) diagnostic isotope ion pairs characteristic of species containing chlorine atom(s). A complementary criterion was also added to specifically select dichlorinated species by taking into account the relative isotope abundance of the (M+2) peak compared to the monoisotopic one using the ratio interval ranging from 58 % to 70 %, i.e. 64 ± 6 %, which corresponds the theoretical value for dichlorinated species.
The resulting processed data were converted into reconstituted mass spectrum format in order to facilitate the comparison with the original data.
Results and Discussion
(Figure 1 near here)
The mass spectrum of diluted urine of rats treated with vinclozolin is presented in Figure 1a .
This spectrum was obtained in previous work using DI-HRMS approach without neither prior sample clean-up nor chromatographic separation. 10 Seven metabolites of vinclozolin were detected: M1, M4, M5 and M6 as non-conjugated metabolites, the sulfate conjugate of M5
and glucuronide conjugates of M4 and of M5 ( Table 1) . However, such manual search is time consuming and cannot be easily applied for large size and complex spectral data, especially when there are low abundance metabolites and presence of interfering ions with m/z values close to that of metabolites.
Here, an automated data processing tool was built for performing a fast detection of vinclozolin metabolites in urine sample from DI-HRMS data. From this dataset, the seven previously annotated metabolites of vinclozolin (displayed as colored dots in the reported figures) were scrutinized first to test the efficiency of the data filtering methods.
Mass defect profiles
The mass spectral data were processed in the mass defect scale, which consists in the projection of projecting all detected signals in a two dimensional representation as proposed by Zhang et al., 19 providing the so-called mass defect profile (Figure 1b Cl (with an error of 0.0004 u).
Most of these species were located inside a specific plotting region described above, indicating the presence of most of species, which are characteristic of the sample, as reported by Zhang et al. 19 for several biological matrices (i.e. plasma, urine, bile, and feces). However, the authors mentioned that dot distribution of common drugs overlapped dot cluster in the mass defect profile of urine samples whereas better separation was observed for other biological matrices. Here, the seven expected metabolites of vinclozolin were also detected in the region of high dot density. The signals located outside the dense dot clusters may be attributed to endogenous and contaminant compounds as demonstrated by the occurrence of isotope ion pairs (e.g., 12 C/ 13 C in the Figure 2a) . However, other dots characterized by anomalous mass defect values were also detected, suggesting the presence of artifact peaks, which could potentially result from Fourier transform experiments. 30 It should be underlined that mass defect profiles generated from LC/MS data displayed large dot densities forming vertical lines at the low-mass threshold (i.e. about m/z 150), which should correspond to artifact peaks generated from chemical noise. 19 Such vertical lines were not observed from our DI-HRMS data.
Alternatively, potential conjugate metabolite species can be selectively detected through the search of known biotransformation reactions as proposed in Figure 2b and Thus, this approach enabling the simultaneous detection of conjugated and non-conjugated metabolite pairs appears to be an efficient way to reveal the (combined) exposure to a (or several) specific xenobiotic(s).
Nevertheless, data filtering methods such as MDF and other data mining tools can be applied to process more efficiently such profiles.
Data filtering methods
As reported in the literature, 20 most of metabolites produced from phase I or phase II biotransformations display mass defect shifts within a ± 50 mu window relatively to the mass defect value of the parent ion (excepted for glutathione conjugates which display a larger mass defect shift, i.e. 68 mu). Here, a MDF window ranging from -0.060 u to 0.040 u was applied, which is centered to the mass defect of the deprotonated vinclozolin.
The mass defect profile from DI-HRMS data contains more than 3400 dots (i. endogenous compounds and contaminant species) overlapped the xenobiotic metabolite dots in this mass defect profile.
(Figure 3 near here)
Obviously, the use of a generic MDF template was not sufficiently to remove many interfering signals and to facilitate the detection of xenobiotic ions in urine sample, as suggested by Zhang et al. 19 The use of multiple MDF templates in parallel can also lead to a more comprehensive detection of various classes of metabolites. Ruan and Zhu investigated the bioactivation pathways of ticlopidine in rat liver microsomes using stable isotope-labeled GSH adducts, LC/HRMS data acquisition and multiple MDF templates among which, the filtering of doubly charged ions was applied to selectively detect GSH adducts. 31 Note that the structure of the studied parent compound should be carefully considered to ensure that unexpected metabolites are not lost during the filtering process. 20 Alternatively, MDF can be combined with other data mining tools to selectively extract chemically relevant data. [32] [33] [34] Here, a further data mining tool was performed by using an isotope pattern filtering (IPF). Few applications of isotope filters have been reported. 10, [33] [34] [35] [36] [37] For example, IPFs allowed selective detection of organochlorides in environmental samples from very large data sets produced by GC×GC-HRMS on a TOF instrument. 37 However, to the best of our knowledge, the use of IPF to process spectral data obtained from DIMS experiments has never been reported until our previous work. 10 Here, a combination of MDF (using a ± 0.060 u mass defect window) and IPF templates was tested for facilitating detection of the expected vinclozolin metabolites and potentially additional unknown metabolites which were not evidenced in our previous work. 10 Indeed, vinclozolin and its metabolites possess highly selective isotopic patterns. Hence, in addition to MDF, the template based on the accurate mass difference between 35 Cl and 37 Cl isotopes was applied, enabling the extraction of 100 dots (Figure 3c) . Another IPF template taking into account an additional pre-defined relative abundance of the (M+2) isotopic peak compared to the monoisotopic peak was also performed in a similar way as Zhu et al. 35 More precisely, MDF was combined with an IPF template including both an accurate mass difference window ranging from 1.9967 to 1.9973 u and a relative abundance of isotope pairs falling in the 58 %-70 % range for searching specifically the dichlorinated species. The processed mass defect profile is reported in the Figure 3d . A quite broad window (64 % ± 6 %) of relative peak intensity was used here because of an uncertainty in the relative isotope abundance (RIA) measurements even using FT/MS instrumentation. Indeed, a systematic error of about 20 % has been reported for RIA determinations from complex mixture samples analyzed in LTQOrbitrap instrument due to ion suppression phenomena and existence of a signal intensity threshold. 38 In addition, isotopes of common chemical elements constituting the molecule such as C (at least two atoms), O, Cl and S atoms, contribute to the signal of the (M+2) isotope peak, leading to an increase of the relative abundance of this peak (theoretical value of 63.9 % for dichlorinated species), especially when the mass resolving power used is not enough for discriminating those (M+2) isotopic peaks. 4 Anyway, the mass defect profile resulting from the application of both MDF and IPF templates led to a drastic simplification of the dataset containing only 22 variables, among them, the seven known metabolite ions were clearly predominant (Figure 3d) , showing the high selectivity of such data mining tools for processing DI-HRMS data. In addition, four other patterns characteristic of dichlorinated species were selected. Their ion pairs (i.e. value did not give any plausible elemental composition by considering the vinclozolin moiety.
( Table 1 near To test the selectivity of IPF in our case, this latter data filter template (including the criteria of accurate mass difference and relative abundance for chloride isotopes) was directly applied on the unprocessed data ( Table 1 and reconstituted mass spectrum from processed data in the This result demonstrated the high efficiency of IPF to extract selectively vinclozolin metabolites.
Complementary LC/MS and MS/MS experiments
LC/MS and MS/MS experiments were further performed to consolidate the putative annotation of the vinclozolin metabolites ( Table 2) . No MS/MS experiments could be performed for low abundance ions of M1, M3 and M6 metabolites. Because of the stability of the dichloroaniline structure, no decomposition from M3 metabolite ions could occur.
From LC/MS analysis, extracted ion chromatograms were generated by using the accurate m/z values of the vinclozolin metabolites with mass tolerance of 5 ppm ( Figure S1 in supporting information). Several chromatographic peaks were detected at the same m/z value, indicating the presence of isomer ions for almost vinclozolin metabolites. The existence of isomers of vinclozolin metabolites (i.e. diastereoisomers as well as regio-isomers) has already been reported in the previous metabolic work using radio-labelled parent compound. 28 It should be noted that in addition to those structural isomers, isobaric species may also be detected (within the mass tolerance of 5 ppm used for EIC traces). Different ionic states of vinclozolin metabolites could eventually exist since no organic or acid additives were added to the chromatographic solvent to improve the separation. This probably explains the detection of multiple chromatographic peaks for most of vinclozolin metabolites (Figure S1 
Conclusion
Our study constitutes one of the few examples of applications of dedicated data mining tools based on the mass defect for processing HRMS data generated from direct analysis of biological fluids without requiring any prior sample clean-up or chromatographic separation.
Such a data processing strategy showed a good selectivity for the complex HRMS data extraction and greatly improved the detection of xenobiotics and that of their metabolites in biological matrices.
In our model, the ability to resolve stable isotopes based on their accurate masses and relative intensities demonstrated the high efficiency of the approach used for the selective detection of urinary metabolites of vinclozolin. Interestingly, three additional metabolites, which have not been characterized in the previous metabolic work using 14 C-radiolabelled parent compound, 28 were detected and putatively annotated.
Although our model is a favorable case since vinclozolin displays a highly specific isotopic pattern, such an approach can be applied for any compound displaying characteristic isotopic pattern. Alternatively, stable isotopes can also be synthetically incorporated into biological materials for screening specific compounds and their metabolites. Indeed, as shown in proteomic studies, the "mass defect tags" method, as employed in bio-molecular analysis 41 when using reactive molecules having discernable mass defect values, constitutes a very attractive way for tracking desired labeled species. 33,34,42. Finally, such a high throughput metabolomic approach combining direct MS analysis of biofluids and complementary data mining tools appears to be very promising for phenotyping large cohorts and tracking exposure to various xenobiotics.
Anyway, it must be underlined that MDF and other data mining tools constitute a useful step in the global strategy for screening and characterizing the structure of metabolites which further requires complementary experiments and computational tools for metabolite identity assignment, e.g., empirical formulae determination and/or the interpretation of their product ion spectra. The molecular sites prone to biotransformation can be subsequently elucidated using the structural information from the MS n experiments. Table 2 Main product ions putatively annotated from MS/MS experiments. 
